The increased expression of different soluble guanylyl cyclase (sGC) subunits during development is consistent with these proteins participating in the formation and establishment of interneuronal contacts. Functional sGC is generated by the dimerization of an a-subunit (sGCa1/2) with the b1-subunit (sGCb1), and both depletion of the sGCb1 subunit and inhibiting sGC activity impair neurite outgrowth. Similarly, impairing sGC activity diminishes the amount of growth-associated protein (GAP-43) and synapsin I, two proteins that participate in axon elongation and synaptogenesis, suggesting a role for sGC in these processes. Indeed, fewer synapses form when sGC is inhibited, as witnessed by FM1-43 imaging and synapsin I immunostaining, and the majority of synapses that do form remain functionally immature. These findings highlight the importance of sGC in the regulation of neurite outgrowth and synapse formation, and in the functional maturation of cerebellar granule cells in vitro. During neuronal development, cGMP signaling is important to modulate growth cone activity in a variety of cell types.
Indeed, intracellular cGMP synthesis is linked to and mediates the neurogenic effects of different factors, including that of nerve growth factor (NGF). 4 The expression of the different guanylyl cyclase subunits (sGC), the main physiological receptor for nitric oxide (NO), augments throughout development in different areas of the rat brain and in in vitro models of neuronal maturation. [5] [6] [7] Accordingly, these proteins may be important for the formation and growth of neuronal processes, as well as for the establishment of intercellular contacts and the refinement of functional neuronal connections within the peripheral and central nervous system. 1, 8, 9 There are two known isoforms of sGC, the ubiquitous a 1 b 1 and a 2 b 1 , which has a more limited distribution. 10 This latter isoform interacts with synaptic scaffolding proteins through its PDZ domains, suggesting that this enzyme is accumulated in synapses 11, 12 and that it is responsible for cGMP synthesis in this cellular compartment. 13 GAP-43 is an integral membrane protein associated with the cytoplasmic surface of axonal growth cones in developing neurons, and it is generally considered an intrinsic determinant of neurite outgrowth and plasticity. 14, 15 In addition, GAP-43 also plays important roles in synaptogenesis as well as in regulating the cytoskeletal organization of the nerve ending. 16 Indeed, neurite outgrowth and axonal pathfinding are affected when GAP-43 expression is altered, both during development and in cultured cells. Likewise, synapsins are also thought to participate in the processes of axon elongation and synapse formation during development, and the expression of synapsin I correlates well with synapse maturation. 17 Synapsins are exclusively associated with small synaptic vesicles and they are virtually excluded from other tissues or neuroendocrine cells. 18 Indeed, synapsin I is probably the most specific marker of synapses in the central and peripheral nervous system, and it regulates the availability of vesicles for exocytosis as well as cytoskeletal dynamics within nerve terminals. 19 Furthermore, synapsins are required to establish a reserve pool of vesicles that can be efficiently recruited to the active zone, thereby maintaining the adequate release of neurotransmitters under conditions of very active synaptic transmission. 20 The expression of both the nNOS and sGC (subunits-b1 and -a2) augments during the development of rat cerebellar granule cells in vitro, as well as in the cerebellum. 5, 21 Moreover, NMDA receptor stimulation, which is essential for the survival and differentiation of developing cerebellar granule cells, 22 upregulates the expression of these proteins in vitro. 5, 23 Together, these data reflect the importance of such proteins for the correct development of cerebellar granule cells. Given that the b 1 subunit of sGC is the obligatory dimerization partner for both a-subunits to render a functional enzyme, we analyzed the effects of knocking down sGCb1 in granule cells. The results we obtained led us to conclude that sGC activity plays a prominent role in regulating neurite outgrowth and synapse formation, as well as in the functional maturation of synapses. Indeed, sGC activity appears to regulate the expression of different synaptic proteins that are critical for axonal growth, synapse formation and maturation.
Results
Depletion of endogenous sGCb1 by RNA interference impairs neurite outgrowth in cerebellar granule cells. Nucleofection led to the efficient transfection of cerebellar granule cells with siRNA duplexes against the sGCb1 subunit. Following transfection, the cells were plated on glass coverslips, and after 48 h in culture, the cells were fixed and stained for sGCb1. Although both the soma and neuronal processes were specifically labeled in control nucleofected cells (CE), cells transfected with sGCb1 siRNA were only weakly labeled, indicating that the expression of this protein was efficiently knocked down ( Figure 1a ). The reduction in both sGCb1 mRNA and protein observed after 24 h was maintained at 48 and 72 h, although the levels were completely restored to normal 7 days after transfection ( Figure 1b) . Cell viability was not affected by sGCb1 siRNA transfection at any time point analyzed, as measured by the lactate dehydrogenase (LDH) activity in the cells or with an MTT (MTS)-based assay.
Cerebellar granule cells begin to emit neurites immediately after plating (at this stage we refer to dendrites or axons as neurites) and as they mature, their number and length increased giving rise to a dense network of fibers connected through many synaptic contacts. Fixed and crystal violetstained cells were analyzed for neurite emission, neurite number and neurite length. In control conditions, most cells emitted neurites in the first 22 h after plating (1860 of 2000; Figure 2a and b) and indeed, the majority of these cells emitted multiple processes (more than two; Figure 2c ). Only a small proportion of these cells remained round and did not emit neurites (142 of 2000). Transfection of granule cells with sGCb1 siRNA significantly increased the proportion of cells that retained a round shape after 22 h and that did not emit neurites (404 out of 1049 cells, Po0.01) and as a consequence, fewer cells developed neurites (653 of 1049 cells, Po0.05). Indeed, most transfected cells had only one or two neurites (341 of 1049) and in contrast to the control population (82.5±1.5%), only 29±11.5% of cells developed multiple neurites (304 of 1049, Po0.01; Figure 2c ). The length of the neurites was not affected by sGCb1 knockdown (P40.05; Figure 2d ), although the level of GAP-43 (a marker of axonal growth) diminished ( Figure 2e ) and it was only 55.3 ± 7% of that in the control nucleofected cells 48 h after transfection (94±6%).
Morpholino antisense oligonucleotide transfection causes longer lasting knockdown of sGCb1 and it leads to neurite retraction and cell death. As siRNA produced a transitory knockdown of sGCb1, we tested the feasibility of adopting a morpholino antisense approach to produce a more long-term depletion of sGCb1 (MO-b1). Morpholino antisense oligonucleotides very efficiently The mRNA levels were normalized to 18S rRNA and the protein levels were normalized to GAPDH. The data represent the mean ± S.E.M. of at least three different experiments performed on different cultures (*Po0.01 compared with the respective control, one-way ANOVA followed by Bonferroni test). (c) Western blots probed with anti-guanylyl cyclase b1 (ER-19, 1 mg/ml) and an anti-GAPDH mouse monoclonal IgG (1 mg/ml; Ambion) showing the decrease in sGCb1 48 h after transfection inhibit protein expression by specifically blocking mRNA translation. 24 Indeed, 48 h after transfection of granule cells with MO-b1 the level of sGCb1 had dropped to 49.5 ± 9.2% (Po0.05; Figure 3a and b) that of control cells and this reduction persisted for 5 days after transfection (56.5±6.5%, Po0.01), without affecting the corresponding mRNA levels. Although the viability of MO-b1-transfected cells was not statistically different from that of control cells after 48 h, 5 days after transfection the cultures of the cells transfected with MO-b1 were less dense than those of control cells or of the cells transfected with the inverse antisense (used as a negative control for morpholino transfection; Figure 3c ). The LDH activity in the cells that received the MO-b1 decreased to 65±3.2% the control values (Figure 3b ; Po0.01), whereas this depletion in sGCb1 protein and loss of viability was not observed in cells transfected with the inverse antisense. As expected, the levels of GAP-43 also decreased to 43.5 ± 6.4% (Po0.05) that of control cells 48 h after transfection, reaching 29 ± 3.5% 5 days after transfection (Figure 3a and b; Po0.01).
Inhibition of sGC with ODQ mimics the early and late effects caused by the knockdown of the sGCb1 subunit. We wondered whether inhibiting sGC activity might produce the same effect as the partial silencing of its expression. Hence, cells were incubated for 22 h with the specific sGC inhibitor, ODQ, and then fixed and stained with crystal violet to count and measure neurites. Neurite emission was impaired in cells exposed to ODQ (Figure 4a ) and although only 12.2 ± 1.3% of cells remained without neurites in control conditions, this value increased threefold on exposure to ODQ (50 mM: 36.14±3.34%; Po0.001). Thus, ODQ inhibited neurite emission in a similar manner to that produced by the knockdown of sGCb1 protein expression in cells. Cell viability remained unaffected by the presence of ODQ for 22 h as measured by the LDH content or the reduction in MTS. However, when the number of neurites emitted was counted, there was a clear decrease in the number of cells with multiple neurites in the presence of ODQ (Figure 4a ). Although 71 ± 5% of control cells had emitted multiple neurites after 22 h, only 30±3.3% of cells exposed to ODQ (50 mM) developed multiple neurites (Po0.001). Nevertheless, the mean length of the neurites was not affected by ODQ (Figure 4b ). In addition, cells exposed to ODQ accumulated less GAP-43 than control cells (60 ± 6.7%, Po0.001; Figure 4c ), and although 8-Br-cGMP (500 mM) counteracted the decrease in GAP-43 levels produced by ODQ (Figure 4c ; 95.5±12% of control values, Po0.001), it failed to impede the effect of ODQ on neurite outgrowth ( Figure 4a ). As ODQ diminishes the amount of sGC protein in different cell types, 25, 26 we assessed the levels of sGCb1 in cells maintained for 22 h in the presence of ODQ, which was 60 ± 11% of the control level (Po0.01) in semiquantitative western blots (Figure 4d ). This decrease caused by ODQ could not be overcome by increasing intracellular cGMP on exposure to 8-Br-cGMP (72 ± 14% of control, Po0.05). ODQ (10 mM) also caused an impairment in neurite outgrowth and after 22 h in culture the proportion of cells that had no neurites increased twofold with respect to the control cells (Po0.05). Conversely, the proportion of cells with multiple neurites diminished to 52±3.5% (Po0.05) and the presence of 8-Br-cGMP (500 mM) failed to significantly modify these effects. We assessed the intracellular cGMP content (basal or NO stimulated) in control or cells incubated with 10 mM oligonucleotides. Indeed, over this period the morphology of the cell culture changed as the net of fibers became less dense and cell viability decreased to 69.7 ± 6.2% (Figure 5a and b; Po0.001). Similarly, the level of sGCb1 expression dropped to 22±9% that of control cells (Po0.001), whereas GAP-43 expression dropped to 44 ± 10% that of the controls (Po0.01). The fact that only the persistent inhibition of sGC had an effect on cell viability might be explained by an impairment of synaptogenesis, because neurons must establish functional synaptic contacts to remain viable. We checked whether cell death occurs through apoptosis by labeling the cultures with annexin V 72 h after treatment, because exposure of phosphatidylserine on the cell surface is one of the first alterations in cells programmed to die. 16 ± 1.3%; ODQ, 36 ± 3.3%; ODQ þ 8-BrcGMP, 35 ± 4% (Po0.001, one-way ANOVA followed by Bonferroni test). One-two neurites: control, 17 ± 3.7%; ODQ, 33.7 ± 4%; ODQ þ 8-BrcGMP, 37 ± 1.4% (Po0.05, one-way ANOVA followed by Bonferroni test). Multiple neurites: control, 71 ± 5%; ODQ; 30 ± 3.3%; ODQ þ 8-BrcGMP, 29 ± 5% (Po0.001, one-way ANOVA followed by Bonferroni test); mean ± S.E.M. of seven different cultures (control: 6567 cells, ODQ: 4594 cells, ODQ þ 8-BrcGMP: 2627 cells). (b) Cumulative probability plots of neurite length in control (762 neurites) and ODQ-treated cells (374 neurites). The two plots are not significantly different (P40.05; Mann-Whitney U-test; P40.05; Kolmogorov-Smirnov test). Quantification of GAP-43 (c) or sGCb1 (d) levels after 22 h incubation with no treatment (control), 50 mM ODQ (ODQ), 50 mM ODQ plus 500 mM 8-Br-cGMP (ODQ þ 8-Br-cGMP) or 500 mM 8-Br-cGMP (8Br-cGMP). Membranes were stained with anti-guanylyl cyclase b1 (1 mg/ml, ER-19), anti-GAP-43 mouse monoclonal IgG (1 mg/ml) and anti-GAPDH mouse monoclonal IgG (1 mg/ml). The data represent the mean±S.E.M. from four different cultures (Significantly different from control values: **Po0.01, one-way ANOVA followed by Bonferroni test). Upper panels: western blot probed for GAP-43, sGCb1 and GAPDH in the same conditions
The presence of guanylyl cyclase in neuronal processes and at synapses has been described in different cell types. 6, 12, 27 A specific antibody against cGMP identified a large increase in this cyclic nucleotide in the soma and processes of the granule cells after nitric oxide stimulation ( Figure 6 ). Indeed, some strongly labeled en passant boutons could also be observed along the axons, which colocalized with the presynaptic marker bassoon (colocalization 6997 out of 16 875 boutons, which correspond to a 40.94±3.45%). Hence, we wondered whether the downregulation of sGCb1, and the ensuing impairment in the capacity to produce cGMP, might affect synapse formation (the number of synaptic boutons) and their functionality. The number of synapsin I-positive puncta in neurites of granule cells was analyzed as To determine whether ODQ affects synapsin I levels, we examined this protein in extracts of granule cell cultured for 5 days in the presence or absence of ODQ. Exposure to ODQ appreciably reduced the amount of synapsin I in immunoblots, although the presence of 8-Br-cGMP counteracted this effect (Figure 7e) . Apart from playing a prominent role in the formation and maintenance of synaptic contacts between neurons, synapsin I also regulates neurotransmitter release. 28 To directly measure the presynaptic function of synapsin I, we examined the ability of active granule cells to take up the fluorescent styryl dye FM1-43 into synaptic vesicles. FM1-43 was observed in synaptic puncta-like spots along neurites (Figure 8a) . The initial levels of fluorescence increased slightly in ODQ-treated cells and 8-Br-cGMP prevented this increase (20.34±0.44, 25.05±0.53 and 19.27±0.32 arbitrary units, from 16 experiments with 1918 control, 2300 ODQ-treated boutons and 1268 ODQ plus 8-BrcGMP, respectively). Indeed, when the cumulative probability plots of the initial fluorescence of control or ODQ-treated boutons were analyzed, significant differences were observed (Figure 8b ; Po0.001, Mann-Whitney U-test and Kolmogorov-Smirnov test). The normalized data indicated that two different populations of boutons could be distinguished according to the extent and rate of dye loss (Figure  8c-f) . Although group 1 lost a large amount of the dye rapidly on depolarization, the group 2 boutons lost less fluorescent dye more slowly. In the control cells, group 1 boutons lost 71.9±1.5% of the initial dye load in the first 90 s after stimulation with a time constant (t) of 8.1±1.2 s, whereas group 2 boutons lost 40.7 ± 1.8% with a t of 16.5 ± 2.5 s (the t was significantly different between the two groups, Po0.01). Likewise, when cells were incubated in the presence of ODQ, group 1 boutons lost 63.4 ± 1.8% of their dye with a t of 7.6 ± 1.4 s and group 2 boutons lost 34.0 ± 2.9% with a t of 15.1±2.6 s (t was significantly different between the two groups, Po0.01). Although there was no difference in the rate of destaining (t) in both control and ODQ-treated cells, both groups lost significantly less dye when exposed to ODQ (Figure 8f ; group 1 control versus group 1 ODQ, Po0.001 and group 2 control versus group 2 ODQ, Po0.001; MannWhitney U-test and Kolmogorov-Smirnov test). The presence of 8-Br-cGMP partially prevented the decrease in dye lost caused by ODQ in group 2 but had no effect in group 1 (37.0 ± 1.3%, Po0.01, Mann-Whitney U-test and KolmogorovSmirnov test, significantly different from ODQ-treated cells). Furthermore, there was a significant difference in the percentage of boutons that specifically lost the dye after depolarization (Figure 8g ), and complied with the quality standard of 0.1 when an automated approach to identify and classify the puncta was used. 29 These boutons represented 44.3±2.0% of the total boutons detected in control cells and only 26.8±2% in cells exposed to ODQ (Po0.001), 8-BrcGMP increased this value to 33.4 ± 1.0% (Po0.05). Moreover, the proportion of boutons (of the total detected) that belong to group 1 or group 2 was also very different (Figure 8h ), being 30.3 ± 2.1 and 14 ± 2%, respectively, for control cells; 10.3 ± 0.6 and 16.5 ± 1.8%, respectively, for ODQ-treated cells; 22.70±1.1 and 10.65±0.8%, respectively, for ODQ plus 8-Br-cGMP-treated cells. When the two populations were analyzed taking into consideration the boutons that fulfill the established quality criteria, significant differences were found in both groups. The percentage of boutons that belong to group 1 decreased by 42.6% in ODQtreated cells when compared to controls (Po0.001), and the percentage of those belonging to group 2 increased by 94% following ODQ exposure (Figure 7i ; Po0.001), these effects were completely prevented by the presence of 8-Br-cGMP. Thus, in ODQ-treated cells there were fewer boutons that fulfilled the established quality criteria and of the boutons that did, more belonged to group 2.
Discussion
We show here that the activity of sGC is necessary for the development of cerebellar granule cells in culture. Moreover, we have been able to distinguish an early effect of reducing sGCb1 on neurite outgrowth, as well as a later effect that impairs synapse formation and/or their maturation.
Immunocytochemistry for sGCb1 produced diffuse labeling in the soma and along fibers. Moreover, cerebellar granule cells develop en passant boutons along axons that are strongly labeled for cGMP after stimulation with a NO donor, suggesting that cGMP is probably synthesized there. Although this experimental approach does not accurately define the location of sGC, these results indicate that active sGC is present in these presynaptic boutons, consistent with the presence of this enzyme in presynaptic terminals and close to the active zone. 11, 12, 30 The presence of sGC in neuronal processes and in synaptic boutons would also explain its increased expression during development 5 and its importance in regulating different steps of neuronal development.
Our results indicate that the knockdown or inhibition of the sGC protein has an early effect that can be observed within the first 22 h in culture and that involves impaired neurite outgrowth. This process can be defined as a three-step event in all neurons: first, the loss of the round shape of the cell and the generation of a filopodia-like extension; second, the elongation of this extension and its transformation into a true neurite; third and finally, the differentiation of the neurite into an axon or dendrite. 31 The lack of sGC activity seems to affect the first two steps in this process because more round cells and fewer neurites per cell were evident after 22 h in culture. One of the first events during the initiation of neurite outgrowth is a rearrangement of the actin cytoskeleton, which is mediated by a plethora of actin remodeling proteins. A protein known to be involved in transducing intra-and extracellular signals that regulate cytoskeletal organization in the axonal growth cone is GAP-43, whose phosphorylation at Ser41 is essential for neurite elongation in primary neurons. 32 This protein is essential for axonal growth and it participates in neurite branching, 14 as well as in the formation of new synapses. 16 Elevating cGMP levels by the application of 8-Br-cGMP does not overcome the depletion of sGCb1 observed in ODQtreated cells, which may indicate that the effect of ODQ on the sGC protein is due to ubiquitin-dependent protein degradation. Indeed, oxidation of sGC heme not only results in the loss of NO-sensitive sGC activity but also in ubiquitin-dependent sGC protein degradation. 26 Bath application of 8-Br-cGMP also failed to prevent the impaired neurite outgrowth caused by ODQ. As we cannot rule out an effect of ODQ on neurite outgrowth independent of the inhibition of soluble guanylyl cyclase, these results are difficult to interpret. Nevertheless, the impairment of neurite outgrowth caused by ODQ (50 mM) is very similar to that observed when sGC was knockdown with siRNA. Moreover, the effect of ODQ is dose-dependent and it is related to its capacity to reduce intracellular cGMP levels. These observations lead us to speculate that the local intracellular synthesis of cGMP may be necessary to specifically activate the downstream signals involved in controlling neurite outgrowth. Conversely, 8-Br-cGMP fully prevented the reduction in GAP-43 and synapsin I, indicating that their levels are regulated in a cGMP-dependent manner. The data available suggest a relationship between the cGMP pathway and GAP-43 expression. 33 In addition, GAP-43 mRNA expression is controlled by glutamatergic NMDA receptors, 34 and the formation of NO and cGMP is one consequence of NMDA receptor stimulation. 5, 35 We previously demonstrated that NMDA receptor stimulation regulates the stability of different mRNAs via the NO/cGMP pathway, altering the levels of the AUF1 proteins that bind to and destabilize them. 23 Such a process might be active in this paradigm as GAP-43 mRNA has a long 3 0 UTR bearing specific determinant pyrimidinerich sequences that AUF1 can bind to, thereby destabilizing this mRNA.
36 PC12 cells degrade GAP-43 mRNA rapidly and through the NO/cGMP signaling pathway, NGF both increases its half-life 37 and induces neurite outgrowth. 4 However, according to our results a reduction in GAP-43 levels cannot explain the impairment of neurite outgrowth observed when guanylyl cyclase activity is suppressed, because 8-BrcGMP restores GAP-43 levels but fails to counteract the impaired neurite emission. The involvement of other proteins may explain this effect because cGMP/cGK signaling may control cell shape in different cell models by regulating either the expression or activity of the RhoA GTPase. 38, 39 It is believed that RhoA suppresses neurite outgrowth 31 and thus, an increase in RhoA activity in sGCb1depleted cells might also explain the inhibition of neurite outgrowth.
It is important to point out that none of the treatments applied to the cells affected their viability during the first 3 days, although there was a 30-40% reduction in the number of cells by day 5. We attribute this cell death to the failure to form functional connections because it is well known that once neurons have grown to their targets, they either form synapses and establish the functional connections characteristic of the mature nervous system or they die. This interpretation is sustained by the fact that cell death occurs by apoptosis, through the reduction in the levels and/or intracellular redistribution of two proteins clearly involved in synaptogenesis, GAP-43 and synapsin I, 16, 17 and by the altered synaptic functionality. In the assays performed with the styryl dye FM1-43, we found that inhibition of sGC leads to a large decrease in the number of functional boutons (those fulfilling the established quality criteria) and a slowing of vesicle recycling. Indeed, a higher proportion of boutons exhibited slower kinetics and displayed less dye loss when sGC is inhibited, suggesting that most of the loaded vesicles do not complete the exo-endocytosis cycle within the experimental period. As the culture matured, the number of functional boutons increased, and the majority of these boutons develop rapid kinetics and significant dye loss (unpublished results). Thus, the small proportion of functional boutons and the high proportion of boutons that display slow vesicle recycling are characteristics of immaturity. This delay in maturation might be due to the decrease in synapsin I or GAP-43 expression observed in ODQ-treated cells, particularly because these proteins have been proposed to fulfill a role in synapse formation during development and their expression correlates well with the maturation of synapses. 17 Synapsins can also regulate the availability of vesicles for exocytosis, 19 and indeed, they are required to establish a reserve pool of vesicles that facilitates the efficient recruitment of vesicles to the active zone and that maintains the high rate of neurotransmitter release during synaptic transmission. 20 Hence, a decrease in the levels of synapsins could account for the slowing of vesicle release in cells in which sGC is inhibited, although other possibilities cannot be ruled out. 40 Our data indicate that sGC activity is an important element not only in neurite outgrowth but also in synapse formation and maturation in cerebellar granule cells. This information clearly contrasts with data from the rat cerebral cortex where the NO/cGMP pathway seems to play a role in dendritic development but not in synaptogenesis. 7 Although differences in neuronal types and the use of different models could account for these discrepancies, further studies should help to clarify the involvement of sGC in synapse formation and maturation. (Synaptic System); a mouse monoclonal anti-GAP-43 IgG (Zymed Laboratories); a mouse monoclonal anti-GAPDH IgG (Ambion); an anti-Bassoon guinea pig polyclonal antiserum (Synaptic System) or a sheep anti-formaldehyde-fixed cGMP antibody (kindly provided by Dr. Jan de Vente). The appropriate secondary antibodies used were a Cy3-conjugated affinity purified donkey antirabbit IgG (H þ L), a Cy2-conjugated affinity purified donkey anti mouse IgG (H þ L) or a Cy2-conjugated affinity purified donkey anti-sheep IgG (H þ L; Jackson ImmunoResearch).
Cell culture. All procedures relating to the care of animals were carried in accordance with our institute's ethical guidelines for animal experiments and the regulations established in the European Council Directive (86/609/EEC). Primary dissociated cerebellar cultures were established using the cerebellum from 7-dayold (P7) male or female Wistar albino rat pups according to previously described methods. 5 Cerebellar cells were diluted in Neurobasal A supplemented with B27 (Invitrogen), 20 mM KCl, 0.5 mM glutamine and the stabilized antibiotic antimycotic solution (Sigma). The cells were seeded onto poly-L-lysine-coated coverslips, or in 96-or 6-well tissue culture plates, at a density of 1-3 Â 10 5 cells/coverslip, 2 Â 10 5 or 3.5 Â 10 6 cells/well, respectively. The cultures were maintained in a humidified incubator in 5% CO 2 at 371C and after 24 h in culture, 10 mM cytosine-b-Darabinofuranoside was added to restrict glial cell growth.
Cell transfection. Dissociated neurons were transfected with 1.5 mg of siRNA designed to knockdown the expression of the b1 subunit of guanylyl cyclase (sGCb1 siRNA (r):sc-60102; Santa Cruz Biotechnology) or with a control (nonsilencing) siRNA (sense: UUC UCC GAA CGU GUC ACG UdTdT, antisense: ACG UGA CAC GUU CGG AGA AdTdT; predicted Target DNA sequence: AAT TCT CCG AAC GTG TCA CGT). All transfections of cerebellar granule cells were performed with a Nucleofector device using the O-03 program and the corresponding kits (Amaxa), according to the manufacturer's instructions. First, we optimized the transfection program for cerebellar granule cells. In brief, 5 Â 10 6 granule cells were incubated in 100 ml of rat neuron nucleofection solution for primary mammalian neural cells containing 2 mg of pmax GFP (green fluorescent protein from copepod Pontellina p), using five different Nucleofector programs: A-33, C-13, G-13, O-03 and O-05. The maxGFP-expressing cells were examined after 24 and 48 h by inverted fluorescent microscopy using a Nikon Diaphot microscope equipped with a 40 Â 1.3 numerical aperture (NA) or 100 Â 1.3 (NA) oil immersion fluor objectives, a mercury lamp light source and fluorescein filter. Images were obtained using a slow-scan CCD camera (Hamamatsu C4880) operating at 12-bit digitalization (4096 levels) and the output from the camera was stored using a computerized imaging system (Kinetic Imaging Ltd). The two programs that resulted in the highest transfection efficiency (B60%) with the lowest mortality (less than 35%) were O-03 and G-13, and O-03 was selected to use in the subsequent experiments. When 1.5 mg of siRNA against pmaxGFP was included the expression of GFP was reduced by 95-98%.
Cells were also transfected with morpholino antisense oligonucleotides against the soluble guanylyl cyclase b1 subunit gene (MO-b1) 5 0 -GGC ATG GTT CAC AAA ACC GTA CAT G-3 0 , in which the sequence complementary to the predicted start codon is underlined. The morpholine oligonucleotide used as a control was the inverse of the antisense 5 0 -GTA CAT GCC AAA ACA CTT GGT ACG G-3 0 . In this case morpholino oligos (1.5 mM) were delivered into the cells with 3 ml/ml endo-porter (Gene Tools).
RT-PCR and real-time RT-PCR reactions. Total RNA was extracted from cells using the RNeasy kit (Qiagen) and the RNA was quantified using the RiboGreen RNA Quantification Kit (Invitrogen) as described previously. 25 RT-PCR reactions were performed in two steps as described previously. 5 Firststrand cDNA was synthesized with MultiScribe reverse transcriptase (Applied Biosystems) in RT buffer containing 5.5 mM MgCl 2 , 500 mM of each dNTP, 2.5 mM random hexamers, 0.4 U/ml RNAse inhibitor and 3.125 U/ml MultiScribe reverse transcriptase. The reactions were performed in a final volume of 50 ml containing 1 mg of RNA and a 10 min incubation at 251C was employed to maximize primer-RNA template binding. Reverse transcription was carried out at 481C for 30 min and the reverse transcriptase was inactivated before performing the PCR reactions by heating the samples at 951C for 5 min. The specific PCR primers and the probe for the guanylyl cyclase b1 subunit were designed on the basis of the published sequence Immunocytochemistry. Cerebellar granule cells were plated on poly-Llysine-coated coverslips at a density of 100 000 cells/coverslip. The attached cells were rinsed twice with PBS, fixed with 4% formaldehyde in PBS for 15 min at room temperature, briefly rinsed twice with TBS and then permeabilized with 0.2% Triton X-100 for 6 min. The cells were then blocked with TBS containing 0.05% Triton X-100 and 10% normal donkey serum for 1 h at 371C, and they were then incubated for 24 h at 41C with the primary antibodies diluted in TBS containing 5% normal donkey serum and 0.05% Triton X-100. After washing the coverslips, they were incubated with fluorescent secondary antibodies (1 : 200) in TBS containing 5% normal donkey serum and 0.05% Triton X-100. Following several washes in PBS, the coverslips were mounted with prolong antifade (Invitrogen) and the cells were viewed with a Nikon Diaphot microscope equipped with 40 Â 1.3 (NA) or 100 Â 1.3 (NA) oil immersion fluor objectives, a mercury lamp light source and fluorescein or rhodamine Nikon filter sets. Images were obtained using a slow-scan CCD camera (Hamamatsu C4880) operating at 12-bit digitalization (4096 levels) and the camera output was stored using a computerized imaging system (Kinetic Imaging Ltd).
For control staining to confirm the specificity of the antibodies used, the cells were incubated with the secondary antibodies alone in the absence of primary antibodies.
For cGMP and bassoon colocalization analysis different fields from different preparations staining with bassoon and cGMP have been analyzed. Background subtraction and synaptic bouton identification (ROIs; regions of interest) was carried out with the Igor Pro software, and spurious ROIs (those show a fluorescence intensity lower than twofold the background and those are not along dendrites) were removed manually. A binary mask is created with the image staining with bassoon and that was superposed on the image staining with cGMP after background subtraction and then analyzed for coincidence, the ROIs of bassoon that are superposed to a soma have been removed. As in the case of bassoon, only ROIs with fluorescence intensity twice the background have been considered positive and 6997 boutons out of 16 875 were positive for bassoon and cGMP.
Western blotting. The protein extracts were separated on 8-10% sodium dodecyl sulfate-polyacrylamide gels and electrophoretically transferred to polyvinylidene difluoride membranes as described previously. 21 The membranes were probed with the appropriate antibodies and the immunoreactive proteins were compared by densitometric measurement of the band intensities. The GAPDH signal was used to normalize for loading differences.
Neurite outgrowth assay. To test the effects of the pharmacological inhibitors or guanylyl cyclase b1 knockdown on granule cell development in culture, recently isolated neurons were incubated in the presence of ODQ (10 or 50 mM) or they were transfected with siRNA before they were assessed 22 h later. The cells were fixed and stained with crystal violet as described by Appel et al. 42 and images were obtained as described above to count the neurites blind to the experimental conditions. The number of neurites per cell was measured manually in different fields and only extensions longer than 15 mm (longer that one cell diameter) were considered as neurites. Individual neurite length was measured in different fields using Image J software and only extensions of cells that did not contact with other extensions or cells were measured. For statistical analysis, the lengths of the individual neurites from control cells or from treated cells were compared.
Viability. Cell viability was determined by measuring the either cellular lactate dehydrogenase (LDH) content using a commercial fluorimetric kit (CytoTox-ONE; Promega) or with a MTT-based assay (CellTiter 96 AQ ueous One Solution Cell Proliferation Assay; Promega), which measures MTS (a water soluble analogue of MTT) reduction.
Calcein-AM labeling. After washing twice, cells were incubated for 10 min at 371C with calcein-AM 250 nM (Invitrogen) as described previously. 5 Live cells were identified by the presence of the ubiquitous intracellular esterase, detected by the enzymatic conversion of the virtually nonfluorescent, cell-permeable calcein-AM to the intensely fluorescent calcein. The polyanionic dye calcein is retained within live cells and it produces intense, uniform green fluorescence (ex/em 495 nm/515 nm).
Background fluorescence levels are inherently low with this assay technique, because the dye is virtually nonfluorescent before interacting with cells. Cell images were obtained as described above.
Apoptosis. Apoptosis was evaluated with the annexin V-PE apoptosis detection kit (Merk), which detects the cell membrane alterations that accompany programmed cell death. In normal viable cells, phosphatidylserine (PS) is located in the cytoplasmic surface of the cell membrane. On induction of apoptosis, rapid alterations in the organization of phospholipids occur, leading to exposure of PS at the cell surface. Detection of externalized PS can be achieved through interaction with the anticoagulant annexin V, which can be assayed by fluorescence microscopy with a rhodamine filter.
To distinguish apoptotic cells from necrotic cells, the cultures were also incubated with calcein-AM as described above and only those cells labeled with calcein-AM (impermeable membranes) and annexin V (externalized PS) were considered apoptotic.
Synaptic bouton number. The number of synaptic boutons was determined by immunocytochemistry using an anti-synapsin I antibody. Synapsin I is probably the most specific marker of synapses in the central and peripheral nervous system. Cells cultured on coverslips for 5 DIV (control or ODQ-treated cells) were fixed and processed as described above for immunocytochemistry. The best fluorescence intensities were established for image acquisition with a randomly selected field and they remained constant during measurement.
To quantify the changes in immunoreactivity, we compared 60 randomly selected fields of control or ODQ-treated cells from different preparations. Background subtraction and synaptic bouton identification (ROIs) was carried out with the Igor Pro software, and spurious ROIs were removed manually. 29 Staining intensities were measured as gray-scale values (ranging from 0 to 255) using the Image J software and the average gray value was calculated by summing the gray values of each pixel divided by the total number of pixels. The mean values were used to compare signal intensities between control and ODQ-treated cells.
Synaptic bouton functionality (FM1-43).
We analyzed endo-exocytosis as a measure of synaptic bouton function. The strategy is based on the uptake and unloading of the styryl dye FM1-43 in granule cells plated on coverslips. Cells were incubated for 10 min in calcium-free and low potassium buffer (140 mM NaCl, 5 mM KCl, 5 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 1 mM MgCl, 10 mM glucose, 10 mM HEPES, pH 7.4). They were then incubated with 10 mM FM1-43 dye (Invitrogen) in high potassium buffer (10 mM Hepes-NaOH pH 7.4, 95 mM NaCl, 50 mM KCl, 1 mM MgCl 2 , 5 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 1.33 mM CaCl 2 , 10 mM glucose) for 5 min, followed by a 10 min wash by perfusion with a calcium-free low potassium buffer to remove the surface-bound dye (140 mM NaCl, 5 mM KCl, 5 mM NaHCO 3 , 1.2 mM NaH 2 PO 4 , 1 mM MgCl, 10 mM glucose, 10 mM HEPES, pH 7.4). A more hydrophilic analogue, FM2-10, was also used, which produced similar background staining and destaining kinetics, and in both cases the signal to noise ratio was higher than two. Images were taken every 2 s with a Nikon microscope equipped with a Nikon 40 Â 1.3 (NA) oil-immersion objective. Excitation was provided by a 479-nm monochromator and emitted light was collected using a fluorescein isothiocyanate (FITC) filter. Different fields were selected randomly and individual boutons were analyzed. Background subtraction and synaptic bouton identification (ROIs) were carried out with Igor Pro software. The analysis was performed according to the automated method described by Bergsman et al. 29 with a minimum quality criterion for analysis of 0.1. This criterion is established according to three measurements: the coefficient of variation (CV) of the baseline, the slope of the baseline and the final extent of destaining. cGMP measurement. cGMP was measured with the HTRF-based assay from Cisbio Bioassays following the manufacturer's instructions. The cGMP assay is a competitive immunoassay that uses Eu 3 þ cryptate-labeled anti-cGMP and d2-labeled cGMP.
Statistical analysis. The data were analyzed with the Statgraphic statistical software and the specific test applied in each case is indicated in the figure legend or the text. Differences were considered statistically significant when Po0.05, with a confidence limit of 95%.
